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During t h e  past. s e v e r a l  ,years ,  much e x c e l l e n t  work h a s  been 
done which c o n t r i b u t e s  t o  a more complete knowledge o f  t h e  b a s i c  
s t r u c t u r e  of  c o a l ,  Smirnov (1 )  s t a t e s  i n  a comprehensive review 
a r t i c l e  t h a t  t h e r e  h a s  been a development. and deepening .of  our  
knowledge o f  c o a l  s t i ruc turd?  an i n c r s a s e  i n  t h e  number of in-  
v e s t i g s t i o n s  and a broadening of t h e  c i r c l e  of s c i e n t i s t s  from 
d i f f e r e n t  count , r ies  occupied wit.h t h e s e  ques t ions  

The Model f o r  High V o l a t i l e  Bituminous c o a l ,  sugges ted  i n  
F igu re  1, t a k e s  int .0  account t h e  major. obse rva t ions  r epor t ed  i n  
t h e  l i t e r a t u r e  a s  w e l l  a s  obse rva t ions  made i n  o u r  l a b o r a t o r y  ( 2 ) .  

The model sugges ts  t h a t  c o a l  c o n s i s t s  of l a r g e  h e t e r o c y c l i c  
n u c l e i  (with a l k y l  s i d e  c h a i n s )  monomers, he ld  t o g e t h e r  by t h e  
t h r e e  dimensional  C-C groups suggested by F r i e d e l  ( 3 ) ,  t h e  func- 
t i o n a l  oxygen groups of Van Krevelen ( 4 ) ,  and t h e  e t h e r  bonds of 
Kukharenko (I), Roy ( 5 ) ,  Blom ( 6 ) ,  Brooks ( 7 )  and Orchin and 
S to rch  ( 8 ,  9 ,  1 0 ,  11). Sulfu? i s  in te rchangeable  wi th  oxygen 
i n  some s t r u c t u r e s  and t h e  rlcjse r e l a t i o n s h i p  between t h e  chemical 
p r o p e r t i e s  of s i m i l a r  f r a c t i o n s  sugges ts  t h a t  s u l f u r  and oxygen. 
may be  p re sen t  i n  l i n k i n g  u n i t s .  All r e s e a r c h e r s  seem t o  agree  
t h a t  n i t rogen  occurs  mainly i n  t h e  he t .e rocycl ic  r i n g  s t r u c t u r e s .  
( 1 2  1.  

The f u n c t i o n a l  oxygen groups i n  coa l  a r e  b e s t  p resented  by 
Blom, Edelhausen, and Van Krevelen i n  t h e i r  f u n c t i o n a l  oxygen 
group diagram ( 6 ) .  Van Kreve lenQs  method o f  c a l c u l a t i n g  t h e  
func t iona l  oxygen groups by t h e  amount of  w s t . e r ,  carbon d i o x i d e  
and c?rbon monoxide der ived  from primary c 3.rbonization was appl ied  
t o  t h e ' g a s e s  obta ined  from low temperature  ca rbon iza t ion  of a 
Utah semi-coking coa l  (13) .  The r e s u l t s  a r e  as fol low: OH = 
6 . 4  t o  7.8%, COOH = 0.5 t o  l . O % ,  -0- and C = 0 = 1 . 3  t o  2 . 6 % .  
These percentages  ag ree  w i t h  t h e  proposed model. 

The na tu re  o f  t h e  fthydrocarbonll components o f  t.he c o a l  
s t r u c t u r e  has  been d i scussed  by Nelson (14). H i s  e v a l u a t i o n  of 
t h e  work o f  Fro l ich  and Ful ton on c o a l s  heated t o  tempera tures  o f  
7j0°F t o  l lOO°F i s  t h e  p a r t i a l  b a s i s  f o r  concluding t .hat  long  
cha in ,  simple, a l i p h a t i c  and a l i c y c l i c  hydrocarbons groups  pre- 
dominate i n  t h e  c o a l  s t r u c t u r e ,  Other evidence i s  found i n  t h e  
work of Goodman, Gomez and Parry (15, 1 6 )  who f i n d  h igh  .y ie lds  
of o l e f i n s  and p a r a f f i n s  i n  t h e i r  low tempera ture  ca rbon iza t ion  
d i s t i l l a t e s .  The amount. o f  o l e f i n s  found i n  low tempera ture  



t a r s  mag'be a s  high a s  50% of t h e  n e u t r a l  o i l  y i e l d .  
and D a r a f f i n s  combined i n  a t y p i c a l  samole of  d i s t i l l a t e  from a 

, Olef ins  

h i g h ' v o l a t i l e -  bituminous B c o a l  from Spring Canyon Utah t o t a l l e d  
64% ( a i d .  

The normal and i s o p a r a f f i n  content o f  low terhperature t a r s  
H e  i d e n t i f i e d  Cg t o  C 2 2  normal p a r a f f i n s  is repor t ed  by Lewis. 

and C 1 o  t o  C 1  i s o p a r a f f i n s  i n  t h e  p roduc t s  of low temperature  
d i s t i l l a t i o n  f 1 7 ) .  

A sample of c r y s t a l l i n e  hydrocarbon from low temperature 
c a r b o n i z a t i o n  was f u r n i s h e d  our l a b o r a t o r y  by t h e  P a c i f i c  Chemi- 
c a l  Company of Wellington, Utah. The ma te r i a l  had been assumed- 
t o  b e  a pu re  aromatic f r a c t i o n ;  infra-red a n a l y s i s  and o t h e r  t e s t s  
demonstrated it t o  b e  e s s e n t i a l l y  a C20 p a r a f f i n .  The t o t a l  d i s -  
t i l l a t e  from t h i s  o p e r a t i o n  was a t y p i c a l  of c o a l  t a r s ;  it resembled 
a waxy gas-oi l -creosote  o i l  mixture  and was reddish-brown i n  c o l o r .  
Apparently l i t t l e  secondary c r a c k i n g  and polymerizat ion had occur- 
r e d  i n  t h e  p rocess  of its formation. 

F r i e d e l  and Queiser ,  by u l t r a - v i o l e t  and v i s i b l e  s p e c t r a  
s t u d i e s  concluded t h a t  a l i p h a t i c  groups r a t h e r  t h a n  poly nuc lea r  
condensed aromatics  predominate i n  t h e  c o a l  s t r u c t u r e  (3:12).Given 
(18)  and Brown (19, 20) p r e s e n t  evidence f o r  polycondensed aro- 
makics. It may b e  t h a t  c o a l s  can vary i n  t h e  r e l a t i v e  amounts 
of  hydrocarbon c l a s s  c o n s t i t u e n t s  a s  do d i f f e r e n t  crude o i l s .  

The s t r u c t u r e s  t y i n g  toge ther ,  t h e  components c o n s t i t u t i n g  
- c o a l  a r e  considered by Given (18), Van Krevelen (1, 21, 22, 23) 
. and Dryden (24) t o  be  r i n c i p a l l y  a l i p h a t i c  (methylene) b r idges .  

F r i e d e l  and Queiser ( 3 7  b e l i e v e  t h a t  t e t r a h e d r a l  bonds a r e  t h e  . 

cross l i n k i n g  u n i t s  r e q u i r e d  t o  give.  c o a l  its t h r e e  dimensional 
s t r u c t u r e .  . Brown et; a l . ,  .from n u c l e a r  magnetic resonance s t u d i e s  
and f r o m  infra-red s t u d i e s  on c o a l  d i s t i l l a t e s ,  f o u n d - l i t t l e  
evidence f o r  methylene b r i d g e  carbons (1g9 20). The s t r u c t u r e  
proposed i n  t h e  present  p a p e r  conforms t o  t h e s e  observat ions.  

There s e e m s  t o  be  a g e n e r a l  belief t h a t  t h e  1 a r g e r . t h e  
' 

o r g a n i c  molecule t h e  more complex it becomes. This b e l i e f  i s  
probably- a l o g i c a l  consequence o f  t h e  fnc rease  i n - t h e  number o f  
t h e o r e t i c a l l y  p o s s i b l e  isomers wi th  inc rease  i n  molecular weight 
and t h e  d i f f i c u l t y - o f  s e p a r a t i n g  t h e  l a r g e  molecules. However, 
Hood and assoc ia t .es  from mass spec t romet r i c  s t u d i e s  of  heavy d i s -  
t i l l a t e s  of  petroleum ( e . g .  C20-C40 o i l s  and waxes) du r ing  t h e  
p a s t  s e v e r a l  yea r s  present  a d i f f e r e n t  p i c t u r e .  They fifid t h e  
molecules c o n t a i n  e s s e n t i a l l y  one long carbon-atom chain,  t o  one 
o r  bo th  ends o f  which a r i n g  system o r  s h o r t  branch may b e  
a t tached .  I n  p a r a f f i n  waxes t h e  molecules a r e  predominantly n- 
a lkanes a long  with some s l i g h t l y  branched iso-alkanes,  cycloalkanes,  
and even t r a c e s  of a romat i c s .  I n  l u b r i c a t i n g  o i l s ,  t h e  i soa lkanes  
have s l i g h t l y  longer  branches,  and t h e  monocycloalkanes and mono- 
.arom-at.ics have s e v e r a l  s h o r t  methyl branches on t h e  r ing.  
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Polyaromatics g e n e r a l l y  appear  t o  have a l l  of t h e i r  a romat ic  
r i n g s  i n  a s i n g l e  condensed nuc leus .  S i m i l a r l y ,  mass s p e c t r a l  
evidence f o r  po lycyc l i c  s a t u r a t e s  sugges ts  molecules with a 
condensed r i n g  system a t  one end of a chain,  bu t  t h e  i n t e r p r e -  
t a t i o n s  a r e  less c l e a r  and cannot ye t  exclude t h e  p o s s i b i l i t y  of 
a r i n g  systems a t  b o t h  ends. Although it is recognized t h a t  a 
smal l  percentage o f  complex molecules might be  p re sen t ,  t h e  au tho r s  
cons ide r  t h e  new p i c t u r e  t o  be  one which, i n  g e n e r a l ,  is repre- 
s e n t a t i v e  of t h e  d i s t i l l a t e  range  of  petroleum !<C40) ( 2 5 ) .  
This  concept of s i m p l i c i t y  and l a c k  of isomers of l a r g e  molecules 
is probably t r u e  i n  t h e  b a s i c  s t r u c t u r e  o f  c o d  a s  w e l l .  I n  
c o a l  t h e  l a r g e  condensed n u c l e i  are he tpocycl ics  wi th  t h e  same 
s imple  a l i p h a t i c  s i d e  chains .  

S t r u c t u r e  and D i s t i l l a t i o n  

Franke, Crowley and Elder  ( 2 7 ) ,  Gomez, Goodman and P 3 r . r ~  < I S J  16), 
Berkowitz ( 2 8 ,  2 9 )  and Van Krevelen and a s s o c i a t e s  ( 4 ) ,  it can be 
seen  t h a t  t h e  y i e l d  o f  l i q u i d s  from coal  d i s t i l l a t i o n  i s  dependent 
upon t h e  b a s i c  s t r u c t u r e  of t h e  c o a l ,  p a r t i c u l a r l y  t h e  f u n c t i o n a l  
groups,  and t h e  process  used t o  convert  t h e  c o a l  i n t o  l i q u i d s  
and coke. It h a s  been observed t h a t  d i s t i l l a t i o n  under moderate 
p re s su res  of hydrogen e l imina te s  t h e  oxygen b r i d g e s ,  i nc reases  
t h e  l i q u i d  y i e l d  and a l s o  i n c r e a s e s  coke q u a l i t y  ( 9 >  10, 11, 26, 
2 7 ) .  

From t h e  work o f  Orchin, S to rch  and a s s o c i a t e s  ( 9 ,  10, 11, 2 6 ) ,  

It is apparent t h a t  t o t a l  hydrogenation of  c o a l  is uneconomic. 
However, a d i s t i l l a t i o n  process  i n  which the hydrogen r i c h  po r t ions  
of t h e  c o a l  a r e  r e t a i n e d  a s  r e l a t i v e l y  low molecular weight hydro- 
carbons by hydrogenation i n  the presence  o f  s u i t a b l e  c a t a l y s t s  
might be worth cons ider ing .  

f u r  groups c o n t r o l  the y i e l d  of l i q u i d  products  from coal. Van 
Krevelen s t a t e s  t h a t  t h e  secondary r e a c t i o n s  (polymerizat ion t o  
h igh  molecular weight p roduc t s )  a r e  e s p e c i a l l y  no t i ceab le  with 
phenol ic  model ma te r i a l s .  The c leaving  of  non-hydrocarbon bonds 
such  a s  t h o s e  o f  n i t rogen ,  oxygen and s u l f u r ,  by hydrogen t r e a t i n g  
methods has  r e c e n t l y  become well e s t a b l i s h e d  i n  t h e  petroleum 
indus t ry .  For example, B l u e  and Spurlock have worked wi th  cobal t  
molybdenum c a t a l y s t s  ( 3 0 ) .  Commercial c a t a l y t i c  hydrocracking 
methods i n c l u d e  t h e  Gulf HDS process  (3l), t h e  Union Oil Uni- 
cracking p rocess  ( 3 2 ) ,  t h e  Standard O i l  of C a l i f o r n i a  I socracking  
process  and t h e  Universal  O i l  Lomax process ,  among o t h e r s .  The 
t r e n d  of  i nc reased  hydrogen process ing  i n  i n d u s t r y  has  been d i s -  
cussed by Olson and Schneider  (33) who mention hydrocracking of 
y e s i d u a l  o i l s ,  hydrogenation of s h a l e  o i l  and g i l s o n i t s ,  hydro- 
genat ion of  low g rav i ty ,  h igh  sulfur c rudes  and hydrogenation of  
aromatics  t o  form s u p e r i o r  j e t  f u e l s .  

Most i n v e s t i g a t o r s  agree  t h a t  t h e  f u n c t i o n a l  oxygen and s u l -  
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Some of  t h e s e  methods have been and a r e  b e i n g  appl ied t o  
c o a l  and t o  c o a l  l i q u i d s  ( 9 ,  27, 3 4 )  f o r  the removal of t h e  
f u n c t i o n a l  cross -bonding_grOups f o r  t h e  product ion of  m a x i m u m  
y i e l d s  of l i q u i d s  and o f  high q u a l i t y  coke. Van Krevelen for 
example, has  worked on-model ma te r i a l  p y r o l y s i s  w i n g  t h e  hydro- 
gen donor m a t e r i a l s  suggested by Orchin and Storch t o  i n c r e a s e  
l i q u i d  y i e l d s  and t o  minimize t h e  polymerization-condensation 
r e a c t i o n s  promoted by hydroxyl groups ( 4 ) .  The Varga p r o c e s s  
( 3 5 )  and t h e  Lozovoi p r o c e s s  (36)  a r e  two a d d i t i o n a l  examples of 
t h e  use of hydrocracking techniques t o  produce high oc tane  g a s o l i n e  
and o t h e r  l i q u i d s  from c o a l ,  primary t a r s ,  s h a l e  o i l  and h igh  
asphal t  c rude  o i l  r e s i d u e s .  C a t a l y t i c  methods discussed by 
F l i n n  ( 3 7 ) ,  ,Haensel ( 3 8 )  and Topchiev (39)  a r e  a p p l i c a b l e  t o  c o a l  
and coa l  l i q u i d s .  

The h igh  l i q u i d  y i e l d s  made p o s s i b l e  by hydrocracking- 
h y d r o t r e a t i n g  d i s t i l l a t i a n  of high v o l a t i l e  c o a l s  p l u s  t h e  
m a r k e t a b i l i t y  of t h e  res idua l  coke make i t  apparent t h a t  t h e r e  
w i l l  b e  a smooth and g r a d u a l  t r a f d t i  on from convent ional  petro- 
leum r e f i n i n g  to c o a l  r e f i n i n g  as t h e  economic p i c t u r e  becomes 
f avorab le .  
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TYPICAL CROSS BONDED STRUCTURE OF HIGM VOLATILE COALS 

(High Volatile Cool Analyses) 

H ~ 4 t O e o / e b y  W1. 

C a  7010 93%by W t  

u= 5 to 2 %  *a 

s-5 to 3% '1 9 

OP 7 t o  2 4 %  'I ' 

RN-aliphatic r ids chain O f  Ncorbonr  
c B -cross bonding by 0 or S lo new 

heterocyclic groups with long 
side chains. 

CROSS BONCiNG 10 MORE 
HETEROCVCLIC GROUPS 

PROPOSED MODEL 1-letrohedrol 3dimensional C-C bonds. 
E e l  C - 0  bonds and C-S bands. 
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